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INAUGURAL SESSION

08:30 Registration of Participants

09:00 Arrival of Chief Guest

09:05 Recitation from the Holy Quran

09:10 Welcome address and course overview

09:15 Introduction by participants and expectations in the
training

09:30 Address by the Head, EEE Department, BUET

09:40 Address by local representative of USAID

09:50 Address by Chief Guest

10:00 Vote of Thanks

10:05 Refreshment

LECTURE SESSION

11:00 Overview of power system operation

11:45 Role of reliability concept in a power system

12:30 Decision variables for the optimal reliability level of a
utility

13:15 Lunch

14:15 Devices for controlling power system operation

15:00 Role of SCADA in power system operation

15:45 Tea

16:00 Load carrying capability of newly added generating
unit/units :Reliability aspects

16:45 Evaluation techniques of reliability level of a single area
utility

July 16, 2004 Friday

08:30 Unit commitment procedure in meeting the demand
economically

09:15 Optimal dispatch of generating units

10:00 TR;

11:00 Tea

11:30 Evaluation techniques of reliability level of
interconnected utilities
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Lunch & Prayer

Interfacing of functions related to economic operation
of interconnected power systems

Concept and assessment of system security

Tea

TO;

Dinner

July 17, 2004 Saturday

Capacity savings through interconnection and optimal
tie line capacities

Multi area evaluation approach in a single area system
with limited transmission capabilities

Secure operation of interconnected utilities

Tea

System reliability level: Impacts of load management
schemes and joint ownership of generation
Discussion on “Regional grid: prospects, constraints
and potential steps towards its achievement”

Lunch

TR,

TO,

Training Evaluation

Certificate Awarding

Tea

Special session for potential trainers selected from the
participants (for others Site Visit)

TR = Tutorial on Reliability
TO =Tutorial on Operation
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Devices for Controlling Power
System Operation
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Unified power flow controller (UPFC)
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Role of SCADA in Power
System Operation
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Figure 1. Telecommunications network and the electric power infrastruc-
ture (image courtesy of C.-C. Liu, University of Washington)
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SOUTH ASIA REGIONAL INITIATIVE/ENERGY

Unit Commitment Procedure in Meeting the

Demand Economically
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Optimal Dispatch of Generating Units
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Interfacing of Functions Related to
Economic Operation of Interconnected
Power Systems
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Concept and Assessment of
System Security
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SOUTH ASIA REGIONAL INITIATIVE/ENERGY

Secure Operation of
Interconnected Utilities
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ROLE OF RELIABILITY CONCEPT IN A
POWER SYSTEM
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SHORT TERM TRAINING ON ‘RELIABILITY AND OPERATIONAL ASPECTS OF REGIONAL GRID’
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CONTENTS

RELATIONSHIP AMONG SYSTEM RELIABILITY, SYSTEM
COST AND COST OF POWER INTERRUPTION

SYSTEM COST

QUANTIFICATION OF LOSS OF CONSUMERS DUE TO
POWER INTERRUPTION

STATUS OF SYSTEM RELIABILITY IN GENERATION
EXPANSION PLANNING PROCESS

CONCLUSIONS




Annual
Cost ( $) Minimum
Cost

0 100
Reliability (%)

Fig. Reliability vs. Annual Cost

A= Cost of utility
B= Loss due to power interruption

C=A+B

COST OF UTILITY

*

L)

»  Capacity Cost

L)

*

L)

»  Expected energy production cost

L)

>

L)

L)

»  Operation and maintenance cost

All these are tangible and methodologies are available
to evaluate




QUANTIFICATION OF LOSS DUE TO POWER

INTERRUPTION

INTERRUPTION COST COMPONENTS FOR;
RESIDENTIAL CONSUMERS

7 7 7
0‘0 0‘0 0‘0

7
0.0

Damage of electrical appliances
Cost of alternative electrical source
Damage of perishable goods

Loss due to inconvenience

INDUSTRIAL CONSUMERS

7 7 7
0‘0 0.0 0‘0

7
0‘0

Damage of electrical appliance
Cost of alternative electrical source
Damage of raw materials

Additional wages

INTERRUPTION COST COMPONENTS FOR;

COMMERICAL CONSUMERS

o,
°»

*,
0.0

*,
0‘0

*,
0.0

B3

*,

Damage of electrical appliance
Cost of alternative electrical source
Damage of perishable goods
Additional wages

Loss due to reduced sale




Mathematical Model

1. Cost due to the damage of appliances:
N

Ji=> [ulda) +Ji L (da)]

i=1
Where,
J,, = cost component due to the damage of the repairable item
J,, = cost component due to the damage of the irreparable item
N = total number of the damaged appliances

I(da) and 1(da) are characteristic functions

T =Cr+ Cpp

Cg = Cost of repair =NRC
where, NR = possible no. of repair

C = cost per repair

Cost due to the damage of appliances (Con’d)

Pr A
Cgr= Loss due to the decrease of the life span= SEni(pRess ’l'R) L
TR

Where,
P =Capacity cost
Tr =Life of repairable appliance

=Reduced life of repairable appliance

Sy=Salvage value

Similarly

diEspE i
le i ‘I:IR( T ~ TIR) H SIR




Cost due to the use of alternative sources

J3=(Pap —Sap) + Cpap NI T,

where, P,; = capacity cost of the alternative source
S, = salvage value of the alternative source

Cpar = cost of the fuel for a unit duration of use
N, ;= number of interruption during the life

T, = mean duration of an interruption

Cost of perishable goods
J;=Cp I(D)
where, C,; = cost of perishable goods

I(D) = characteristic function

R Ha e
]
0 otherwise

D is the duration required for an item to be perished.




Cost of inconvenience:

Loss due to the inconvenience from the disturbance in study, computer works and
accounting may be expressed as

M
T = 2, (Crr + Cwm)i
i=1

Loss due to inconvenience in sewing,
K
JlNz T z CTI
i=1

Loss due to inconvenience in dinning or cooking,
Jin =(Co+ Cop) (D)
Loss due to inconvenience in family function,

JIN4 :CD+CF+CA

So, total inconvenience cost may be written as

J.= Z(JIN)i

Therefore, the sum of all four cost components J,, J,, J; and J, gives the
total cost of interruption during the sampling period for residential
consumers.




Classification of Residential Respondents

Basis of clasification Class Criterion No. of respondent
Floor area of Ar Below 1000 51
house Br 1000 - 1500 49
(Sq. ) Cr Above 1500 10
Connected electric Dr Less than 3 83
load Er 3-5 15
(Kw) Fr Above 5 12
Payment of monthly Gr Less than 500 24
electricity bill Hr 500 - 1000 59
(Taka) Ir More than 1000 27
60.00-
5243
50.001 g6
2 4348
B 40.007 3969
g E 37,00
EZ“ :g s000] T o7 30,78 T
‘:§ 20.001
10,001
0.00
Ar Br Cr Dr Er Fr Gr Hr Ir
Class of residential respondents
Comparison of loss among different classes of residential respondents




Average total interruption cost per hour
and hourly average electricity bill paid
(Taka)

Ar Br Cr Dr Er Fr Gr Hr Ir

Classes of residential respondents
Comparison of interruption cost with the electricity bill for
residential respondents

Average loss
(Taka/hour of inte rruption)

700+

600+

500+

400

300+

200+

Ai Bi Ci Di Ei Fi Gi Hi Ti
Classes of industrial respondents

Comparison of cost of interruption among different classes of

industrial respondents




linterruption cost/ electricity bill (per hour)

(Taka)

700

]659.6

1596.6

600

507.55

500

400

346.48

300 4

256.08

171.44

200

100

Ai Bi Ci Di Ei Fi Gi Hi Ii
Classes of industrial respondents

Comparison of interruption cost with electricity bill for industrial
respondents

Average cost per hour

of interruption

g 70470
c

1407 133.58
123.27
1201 116.79

1001
85,96
801 75;54 786 74,34

61435

Ac Bce Cc Dc Ec Fc Gce Hc Ic

Classes of commercial respondents

Comparison of cost of interruption among different classes of
commercial respondents




Interryption cost per hour
and hourly average electricity hill

160

140

120

100

80

(Taka)

60

40

20

75.54

1116.79
] 125.27

78.56
70.7
85.96
61.35
74.34

12.35

Classes of commercial respondents

133.58

_ 12775

Ic

Comparison of interruption cost with electricity bill among different

classes of commercial respondents

cost per hour of interruption

400 +
350 +
300 + .
Industrial
250 +
200 +

150 + i
T~ Commercial
100 +

(Taka)

\A
Tt == _Residential

50 +

60 65 70 75 80 85 90 95
System reliability (%)

Correlation between interruption costs and system reliability

100
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Comparison of interruption cost with the electricity bill for
Residential Consumers

Average cost of interruption Average
electricity
Incorporating all Cost Without inconvenience Without bill
components cost inconvenien | (Tk/hour
ce and of energy
damage of | consumpti
appliance on)
costs
Tk/hour of | Tk/interruption | Tk/hour of | Tk/interruption | Tk/hour of
interruption interruption interruption
57.08 44.18 10.39 8.38 4.66 0.9

Comparison of the Evaluated Interruption Cost with that of North American Utilities

Utility

American 1

Canadian 1

DESA,
Bangladesh

Sector of consumer

Residential Industrial
Average Average Average Average
outage outage outage outage
cost cost cost cost
($/kwh) (taka/kwh) ($/kwh) (taka/kwh
)
0.60 34.80 7.20 417.60
0.46 26.68 15.24 883.92
0.25 14.50 0.08 4.65

Commercial
Average Average
outage outage
cost cost
($/kwh) (taka/kwh)
8.40 487.20
15.78 915.24
0.36 20.70

11



GENERATION
EXPANSION
PLANNING
PROCESS

CONCLUSIONS

s BY PROPERLY EVALUATING THE LOSS DUE TO
POWER INTERRUPTION THE OPTIMAL LEVEL OF
SYSTEM RELIABILITY MAY BE EVALUATED.

% PRESENT ELECTRICITY TARIFF IS MUCH LOWER
THAN THE LOSS DUE TO POWER
INTERRUPTION.
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DECISION VARIABLES FOR THE
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UTILITY
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FACTORS AFFECTING SYSTEM RELIABILITY .

IMPACTS OF FOR, UNIT SIZE AND RELIABILITY
LEVEL ON SYSEM RESERVE AND ALLOWABLE
PEAK DEMAND.

IMPACTS OF LOAD MANAGEMENT SCHEMES ON
SYSTEM RELIABILITY.

RELIABILITY BENEFITS OF INTERCONNECTION
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FACTORS IMPROVING SYSTEM RELIABILITY

Forced outage rate (FOR) of generating unit

«+  Selection of unit size

Interconnection with neighboring utilities

< Application of load management schemes

States of
generating

unit

upP

DOWN

EFFECT OF FOR

UP TIME

m;

Failure v .
1 Repair

Iy
DOWN TIME

TIME

FIG. RUN-FAIL-REPAIR-RUN CYCLE OF A GENERATING UNIT




1
m = Mean up time = ﬁzmi

r = Mean down time =

A = Unit failure rate =

p= Unit repair rate =

Forced outage rate = FOR =q =

[N

HE
m
£

-

FOR can be reduced by

+ Reducing DOWN time with improved repair facilities

A+u

% Increasing UP time with proper maintenance and using quality devices

EFEFECT OF FOR

Unit Size (MW) FOR
100 0.01
100 0.05
100 0.10
100 0.20

LOLP
4x107*

4x107*
4x107*
4x107*

[FOR A SYSTEM OF 1C=10,000 MW]

Reserve (MW)
629

1408
2182
3484




EFFECT OF UNIT SIZE

Unit Size (MW) FOR LOLP Reserve (MW)
4
50 0.05 4x10 1114
100 0.05 4x107*|=0.96days 1408

:
200 0.05 IR ey

500 0.05 Ao : 2984

[FOR A SYSTEM OF 1C=10,000 MW]
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Unit size (MW)

Unit Size (MW) FOR

EFFECT OF LOLP

100
100
100
100

0.05
0.05
0.05
0.05

LOLP

1 x 10+ (0.96 days/10 years)
2 x 104 (1.92 days/10 years)
4 X 104 (3.84 days/10 years)
8 x 10 (7.68 days/10 years)

[FOR A SYSTEM OF 1C=10,000 MW]

Reserve (MW)

1536
1480
1408
1338




LOAD MANAGEMENT

Load management is the deliberate control or influencing of customer load in
order to alter the pattern of electricity use by time-shifting some of the
deferrable loads

BASIC APPROACHES OF LOAD MANAGEMENT

« DIRECT CONTROL
% INDIRECT CONTROL OR CUSTOMER INCENTIVES
« ENERGY STORAGE




EFFECT OF DIRECT LOAD CONTROL (LOAD REDUCED

—e— Direct LM17
to 23 hrs

—m— Direct LM 18
to 22 hours
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EFFECT OF INDIRECT LOAD CONTROL

100
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 1
10

0

[
n
<

Q
.
5
>
o

o

4

@]

-

£
c
o

=
(]
=]

°
o
put
-
<
[
[S]
put
[
=%

0 5 8 1015 20 25 30

Percent reduction in peak load

100
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40 + —&—— Pumpefficiency
75%
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55%
20 + —a&— Pumpefficiency
50%
10 20 30
200 % Percent reduction in peak loads \
-400
-600

Fig. Impacts of Energy Storage Scheme on Reliability




RELIABILITY BENEFITS OF INTERCONNECTION:
BASIC CONCEPT

Utility X Utility Y

Utility Z

CONFIGURATION 1: ALL UTILITIES ARE ISOLATED

BASIC CONCEPT (cont'd)

TIE
YZ

CONFIGURATION 2: BILATERAL INTERCONNECTION




BASIC CONCEPT (cont'd)

TIE LINE

TIE LINE TIE LINE

CONFIGURATION 3: ALL UTILITIES ARE INTERCONNECTED

CONFIGURATION 1: ALL UTILITIES ARE ISOLATED

TABLE: GENERATION AND LOAD DATA

Utility | Description of generation LOAD
Capacity (MW) FOR (MW)
X 20 0.2 10
Y 18 0.10 8
A 21 0.15 12

10



W 20 rmrmrmrmcmimmimim o .

15 + ;
10 T
5 + Utility X
T 4 il
I !
80
MW g SE ___________________________ i
i
— — = Available generation g 1 Utility Y
4 4
T [ T [

|:| = Loss of load f f
90
|:| = Demand met

21 gmrmrmrmrmm i 1
MwW

15 + ;
12
5 T L . Utility Z

I T
20 40 60 85 100

— > Time in percent

JlE

FIG: SCHEMATIC OF AVAILABLE GENERATION AND DEMAND MET

(time in %)

Duration of loss of load
(LOLP)

X Y V4

Utilities ——
Fig: Duration of loss of load when utilities

are isolated
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CONFIGARATION 2: BILATERAL INTERCONNETION

GEN: 18 MW,
FOR=0.1
LOAD= 8MW

GEN: 20 MW,
FOR=0.2
LOAD= 10MW

TIE LINE

FIG: UTILITYES X AND Y ARE INTERCONNECTED

TABLE: CAPACITY STATE TABLE

STATE OF GENERATION | DURATION (PROBABILITY)
UTILITY X | UTILITY Y (TIME IN PERCENT)
ON ON 72
ON OFF 8
OFF ON 18
OFF OFF 2
Utility X
MW 20 ———————————— B 18 y
15 + LOLPx = 2%
10
5
— —= Available generation ‘ ‘ [l ‘
20 40 60 72 100
I = Export —»  Duration (%)
D = Import
Utility Y
D = Loss of load MW g &=
D =demand met by 15 LOLPY = 2%
its own generation 8 T+
E
R

20 40 60 72 80 98 100
—»  Duration (%)

FIG: SCHEMATIC OF AVAILABLE GENERATION AND DEMAND MET
WHEN UTILITIES X AND Y ARE INTERCONNECTED

12



Duration of loss of load (LOLP)

(time in %)

ISOLATED X&Y X&Z Y&Z

Bilateral interconnection

Fig: Comparison of loss of load: isolated utilities and bilateral

interconnection

CONFIGARATION 3: MULTILATERAL INTERCONNECTION

TIE LINE
(Infinite capacity)

FOR=0.15

Fig: All three utilities are interconnected
Table: capacity state table

STATE OF GENERATION DURATION (PROBABILITY)
UTILITY X | UTILITYY | UTILITY Z | (TIME IN PERCENT)

ON ON ON 61.2

ON OFF OFF iz

ON OFF ON 6.8

ON ON OFF 10.8

OFF ON ON 15.3

OFF ON OFF 2.7

OFF OFF ON 17

OFF OFF OFF 0.3

13



T ] ]

CONFIGARATION 3: MULTILATERAL INTERCONNECTION

LY LT AY 2 e ettt - [ —
15 + P
10
5 + X
t t t t t f — }
< generator 10 20 30 40 50 60°° 692 80 95.3 100
= Export
MW 20 = .
= Import 15 T 1
e T
= Loss of load 5 + Y
1 1 1 1 1 1 Il Il
T T T T T ‘51.2 T T T T
= demand met by 10 20 30 40 50 60 69.2 80 95.3 100
its own generation
_____________________________________ = 1.7
MW 20 b
15 + ;
12 +
5 -
+ + + + + 6%12524 T T }
10 20 30 40 50 294 692 80 95.398 100
—_———>  Time(®)

Fig: schematic of available generation and demand met when all utilities are interconnected

Configuration 3: Multilateral interconnection (cont’d)

alllcnlliS iSRS IS

Duration of loss of load (LOLP) (time in %)

Fig: Comparison of loss of load for different configurations
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EXPECTED BENEFITS OF INTERCONNECTION IN SOUTH ASIA

PAKISTAN |
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MAJOR ENERGY RESOURCES IN INDIA

* Hydro Potential : 1,10,000
> 25,000MW already installed

>19,000MW under implementation
> 66,000MW still to be exploited

ooomw * 90% coal reserves in ER & WR

SIKKIM
1,700MW
5 oAk
Partabpur
Q
N VoL

Lucknow

Ludhiana

53,000MW_

A
Delhi

NR

aN
RAPP  Jaipur
[ ]

Patna §‘
N
s
A Vindhyachal ‘ 5
Gandhinagar s
A
Bhopal Korba
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Raipur B
Generation Load-Centre
e A

Krishnapatnam

Bang#hre Hydro

Ennore
Kozhikode\ £ &/ South Madras

Lignite

Coastal

Nuclear

HYDRO ELECTRIC POTENTIAL IN SOUTH ASIA

COUNTRY POTENTIAL ALREADY HARNESSED
(MW)

(MW) % OF THE

POTENTIAL
Bangladesh 555 230 65.71
Bhutan 30000 444 1.48
India 75400 25407 337
Nepal 83290 368 0.44
Pakistan 38000 4963 13.06
Sri Lanka 2000 1129 56.45




Initial data

Country Initial installed | Initial peak | Load growth
capacity (MW) | demand (%)
(MW)
Bangladesh 5230 3200 1.1
Bhutan 4409 100 1.0
India 102800 82000 1.05
Nepal 1126 550 1.08
Pakistan 19500 14000 1.1
Sri Lanka 2829 1600 1.1
Unserved energy cost
350E+09
3.00E409 __—
2.50E+09 —
;2'005*09 — (o Fultrace
S 150E+09 = |m Notrade
1.00E+09 H B —
5.00E+08 {__
0.00E+00 T

Period
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Total cost comparison (2003 - 2013)

8.30E+10

8.20E+10

8.10E+10 4

8.00E+10 -

7.90E+10

7.80E+10

Costin $

7.70E+10 -

7.60E+10

7.50E+10

7.40E+10

7.30E+10

a5

2

@ Full trade

7.63E+10

8.20E+10

< In expansion

CONCLUSIONS

planning,
interconnection, and load management schemes should
duly be considered to improve the system reliability or to

factors,

maintain the standard level of reliability

¢ Higher wunit size should be avoided,
expansion, if it does not affect the economy.

+* Interconnection with the neighboring utilities improves the

system reliability.

+ Load management is an option deserves to be considered
when other options have problems to be implemented or

fail to achieve desired level of reliability.

+¢ Quick repair of faulty devices improves system reliability.

like

in generation
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ILLUSTRATION OF EVALUATION PROCEDURE OF
LOAD CARRYING CAPABILITY (LCC) OF A
GENERATING UNIT

GENERATION MODEL LOAD MODEL
Capacity FOR LOAD (MW)
20 0.1
30 0.2 30
% of time 100%
CAPACITY OUTAGE TABLE
Capacity Available Exact Cumulative
Out (MW) Capacity Probability Prob.
0 50 0.72 1.0
20 30 0.08 0.28
30 20 0.18 0.20
50 0 0.02 0.02

LOLP = Pr. (AC < PK) = 0.2




CAPACITY OUTAGE TABLE (WITH AN ADDITIONAL UNIT OF 40
MW AND FOR OF 0.1)

Capacity on Available Cumul.
outage (MW) Capacity Probability Prob.
0 90 0.648 1.0
20 70 0.072 0.352
30 60 0.162 0.28
40 50 0.072 0.118
50 40 0.018 0.046
60 30 0.008 0.028
70 20 0.018 0.02
90 0.0 0.002 0.002

FOR A PEAK OF 30 MW, LOLP =0.02
FOR LOLP =0.2 60 < PEAK <50

OO OO PaWat

EFFECT OF FOR ON LCC

01 —=— 002 With initial units
—&— 003 ——004

——0=05

With additional unit
(Cap=40 MW, FOR=
01T005)

60 70 80 920




IMPACTS OF FORSON LCC

FOR LCC (MW)
05 115
0.4 12

0.3 14

0.2 19

0.1 255

CHANGES IN LCC IN A REALISTIC SYSTEM

IC =10,100 MW

Highest unit capacities 300 MW and 500 MW

LOLP =0.1 day/year

Changing FOR of 300 MW and 500 MW only

FOR (%) Peak load carrying capacity | Reduction in peak carrying
(MW) capacity (MW)

4 9006 -

5 8895 111
6 8793 213
7 8693 313
8 8602 404
9 8513 493
10 8427 579
11 8345 661
12 8267 739
13 8191 815




**The above table shows the change in LCC for FOR values from
4% to 13%.

+» The decrease in LCC is 815 MW.

s If the forecasted peak is 9006 MW and the FORs of large units
are 13% then the system would have to install approximately 815
MW additional capacity to maintain LOLP (a reliability level of )
0.1 day/year

CONCLUSIONS

e LCC is an useful measure to system planners to see the
relative impact of new units in satisfying system load
growth

» System with units of higher FORs requires higher installed
capacity to meet the system demand (peak).
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RELIABILITY INDICES

< Loss of Load Probability (LOLP)
3 Loss of Energy Probability (LOEP)
< Frequency and Duration (FAD)

<> Monte Carlo Simulation (MCS)

METHODOLOGIES

Recursive (Booth —Baleriaux Technique) Method
<> Cumulant Method

<> Segmentation Method

>

/
*

DIFFERENT STEPS OF RECURSIVE METHOD

DEVELOP A CAPACITY OUTAGE TABLE OF THE
GENERATING SYSTEM USING EITHER THE OUTAGE
CAPACITY BUILDING ALGORITHEM OR BY USING THE
RECURSIVE FORMULA.

s INSERT THE AVAILABLE CAPACITY COLUMN OBTAINED
FROM CAPACITY OUTAGED STATE AND THE INSTALLED
CAPACITY .

ALSO INSERT A CUMULATIVE PROBABILITY COLUMN
USING THE EXACT PROBABILITY VALUES (IF
RECURSIVE FORMULA IS NOT USED).

FOR EACH LOAD LEVEL FIND THE LOLP CONSIDERING
THAT LOLP = PROBABILITY {AVAILABLE CAPACITY <
LOAD} FROM THE CUMULATIVE PROBABILITY
COLUMN




X MULTIPLY EACH LOLP VALUE OBTAINED FOR A
GIVEN LOAD LEVEL BY THE PROBABILITY OF THE
OCCURRENCE OF THAT LOAD

SUM THE PRODUCT OF LOLP CORRESPONDING TO
EACH LOAD LEVEL AND THE PROBABILITY OF
OCCURRENCE OF THAT LOAD TO GET THE FINAL
VALUE OF LOLP

J
*

5

¢

EXAMPLE CLARIFYING METHODOLOGY

GENERATION MODEL

Capacity (MW EOR
200 0.02
300 0.03
400 0.04
LOAD MODEL
Load level (MW) No. of occurrence (days)

650 5
550 5
450 5
350 5




GRAPHICAL REPRESENTATION OF LOAD

LOAD 650
(MW) 550
450
i e
I I I
0 = 10 15 20
——Time (Days)
5/20
Probability 5/‘20 5/20 5/20
350 450 550 650

LOAD (MW)
Probability Density Function of Load




CAPACITY OUTAGE TABLE

( State Enumeration Technique )

STATES OF UNITS

UNIT UNIT UNIT CAPACITY ON PROBABILITY OF OCCURRENCE
#1 #2 #3 OUTAGE (MW)

ON ON ON 0 0.98 x .97 x .96 = 0.912576
DOWN  ON ON 200 0.018624

ON DOWN ON 300 0.028224

ON ON DOWN 400 0.038024

DOWN DOWN ON 500 0.000576

DOWN ON DOWN 600 0.000776

ON DOWN DOWN 700 0.001176

DOWN DOWN DOWN 900 0.000024

CAPACITY OUTAGE TABLE BUILDING ALGORITHM

0.98
Prob| 0.02
This density function can be expressed in the form of
0 200 a Capacity Outage Table
— MW
Table 1
Capacity on outage (MW) Probability
0 0.98

200 0.02




To incorporate 2" unit

.97
Prob.
I 0.03
Outage Cap.(MW)
First, Considering 2nd. Unit in Service
Table -2

Capacity on Outage (MW) Probability
0+0=0 0.98 x .97 = 0.9506
200 + 0 = 200 0.02 x .97 = 0.0194

Next, Considering 2 Unit (300 MW) out of Service

Table - 3
Capacity on outage (MW) Probability
0 + 300= 300 0.98 x .03 =.0394
200 + 300 = 500 0.02 x .03 =.0006

Combining Tables 2 and 3, one gets

Table—-4
Capacity on outage (MW) Probability
0] 0.9506
200 0.0194
300 0.0294

500 0.0006




To in corporate the 3™ Unit (400 MW, FOR = 0.04)

Follow the above procedure

Table — 5 ( Considering 400 MW Unit in service)

Capacity on outage (MW) Probability
0 +0=0 0.9506 x .96 = 0.912576
200 + 0 =200 0.0194 x .96 = 0.018624
300 + 0 =300 0.0294 x .96 = 0.028224
500 + 0 =500 0.0006 x .96 = 0.000576

Table — 6 (Considering 400 MW Unit out of service)

Capacity on outage (MW) Probability
0 +400=400 0.9506 x .04 = 0.038024
200 + 400 = 600 0.0194 x .04 = 0.000776
300 + 400 = 700 0.0294 x .04 = 0.001176
500 + 400 = 900 0.0006 x .04 = 0.000024

Combining Tables 5 and 6 and reordering capacity states

Table-7
Capacity on outage (MW) Probability
0 0.912576
200 0.018624
300 0.028224
400 0.038024
500 0.000576
600 0.000776
700 0.001176

900 0.000024




Introducing available capacity and cumulative probability columns Table — 7 becomes

TABLE 8
Capacity on Available capacity Exact Commutative
Outage (MW) (MW) Probability Probability
0 900 0.912576 1.0
200 700 0.018624 0.087424
300 600 0.028224 0.068800
400 500 0.038024 0.040576
500 400 0.000576 0.002552
600 300 0.000776 0.001976
700 200 0.001176 0.001200
900 00 0.000024 0.000024

The above table can also be obtained using a recursive formula

PX)=(1-q)P'(X)+qP" (X -c)

Where,
1 if < 0
P(X) = if  x .
0 other wise

P’(X) = Cumulative probability of X MW or greater before the unit of C MW is added
P(X) = Cumulative probability of X MW or greater after the unit of C MW is added




EVALUATION OF LOLP

Load Probability of Reserve available
Level Occurrence Capacity (MW)
350 5/20 550

450 5/20 450

550 5/20 350

650 5/20 250

LOLP (For individual load)

5
0.001976 X 55
0.002552 x >
520
0.040576 X 55

0.057424 x 2
20

LOLP =0.028476

SEGMENT METHOD

Concept behind segmentation method

For binary state model of a generating unit the convolution of
the PDF of the outage capacity of a generating unit with the PDF

load can be expressed as

fLe(I e =1 (p+1 (Le-C)g




KD
o

3
”Qe

0
”Q

0
”Q

DIFFERENT STEPS OF SEGMENTATION METHOD

Obtain the PDF of load by sampling the chronological historical or
forecasted load.

Construct segments by dividing demand axis. The segment size is equal to the highest
common factor of the generating unit capacities.

Obtain the distribution of segment by translating the PDF of load into the
PDF of segment. This is done by simply attaching a probability to a
segment, which is equal to the sum of probabilities of the load impulses
lying in the range of that segment.

Convolve the PDF of each generating unit one by one with the PDF of
segments. The convolution procedure requires.

Multiplication of the distribution of segments by the availability of the unit.

Shifting the original distribution of segments towards right by an

amount equal to the capacity of the unit being convolved.

Multiplication of the shifted distribution by the unavailability of the unit.
Addition of the above two products to get the final distribution after convolution.

After convolving all the units in the system LOLP is evaluated. LOLP is equal to the
probability value of the last segment in the final distribution.

10



ILLUSTRATION OF METHODOLOGY

¥c = Segment Size = Highest common factor of (200, 300, 400) =100

200+ 300+ 400 £

=) = 1=10
N = Number of segments 100
|« Installed Capacity
, MW
0 100 300 600 900
025 | 025 0.25 0.25 % 0.98
S Shift— 025 [0.25 025 |0.25 x0.02
=200
0245 | 0245 |025 |0.25 0.005 | 0.005 % 0.97
300 245 245 | .25 Cos | x.03
MW
fRiacician] 300 600 900
23765 23765 | 2425 | .24985 | 0122 |.01235 | 0078 | x 96
400 MW 2376 | 23765 | 0.5247 | X .04
5

0.228144 | 0.2328 0.23985 | 0.0212 | 0.021362 | 0.028476
6 18

LOLP = 0.028476




CONCLUSIONS

% RECURSIVE AND SEGMENTATION METHODS FOR THE
EVALUATION OF RELIABILITY INDEX, LOLP, FOR A
SINGLE AREA SYSTEM ARE ILLUSTRATED THROUGH

EXAMPLE

% SEGMENTATION METHOD IS CONCEPTUALY STRAIGHT
FORWARD

% SEGMENTATION METHOD IS ALSO COMPUTATIONALY
SIMPLE

12
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Utility X Utility Y

TIE LINE

CAPACITY TRANSCTION BETWEEN THE INTERCONNECTED SYSTEMS DEPENDS ON

* TIE LINE CAPACITY

< DEMAND OF THE EXPORTING SYSTEM

+ DEMAND OF THE IMPORTING SYSTEM

«» AVAILABLE GENERATING CAPACITY OF THE EXPORTING SYSTEM

THE INCORPORATION OF THE ABOVE CONSTRANTS AND KEEPING THE INDENTITY
OF EACH INDIVIDUAL UTILITY MAKE THE EVALUATION PROCEDURE OF
INTERCONNECTED SYSTEM DIFFERENT FROM THAT OF THE  SINGLE AREA
SYSTEM

DIFFERENT STEPS OF SEGMENTATION METHOD FOR THE
EVALUATION OF RELIABILITY INDICES OF TWO
NTERCONNECTED SYSTEM IN CASE OF UNCORRELATED
(INDEPENDENT) LOAD

<> Develop the probability density function (PDF) of load .

X Construct segments of equal size by dividing the demand axis. The
segment size is the highest common factor of the generating units and
tie line capacities. The total number of segments is equal to the
installed generating unit capacity divided by the segment size plus one.

<> Obtain the distribution of segments by translating the PDF of load
into that of segment . The probability of a segment is equal to the sum
of the probabilities of the load impulses lying in the range of the
segment.

X Convolve the PDFs of all generating units of a system with that of
the segment one by one. To do so,

« Multiply the distribution of segments by the availability of
the unit, i.e. (1 -FOR), being convolved.




3

%

Shift the original distribution of segments towards right by
an amount equal to the capacity of the unit being convolved.

.0

Multiply the shifted distribution by the FOR of the unit.

L)

3

*

Obtain the distribution of segments after convolution by
adding the above two product.

s Form the joint PDF of segments (Venn diagram) by using the
PDF of segments of each system obtained after convolving all
the units in that system.

¢ Integrate the different zones of Venn diagram to obtain the different
reliability indices.

EXAMPLE FOR CLARIFICATION (INDEPENDENT LOAD)

A Utility 2
40+  r————-
| |
g ! :
ST |
2 20 L ==
o Utility 1
10 T
1 1 1 »
0 T T T >
1 2 3 4

TIME (HOURS)

FIG: HOURLY LOAD PROFILE

Table: Generating system description

Utility 1 Utility 2
No of units | Capacity (MW) FOR No of units | Capacity (MW) FOR
2 10 0.2 2 15 0.1
1 30 0.1 1 25 0.3




A
a0+ SEEGMENTATION METHOD (CON’D)
< (FOR INDEPENDENT£OAD)
©
S 30+ £
[a) o
< 20 + 1/4 1/4 1/4 1/4
(@] =
p} Utility 1
T 10 T
0 } } } > } 1 1 }
T 2 3 4 10 20 30 40 |omg
— » TIME (HOURS) = o
FIG: HOURLY LOAD PROFILE FIG: PDF of load for utility 1
< IC1 > |e— TC—>
10 20 30 40 50 60
[ [ e fefe] [ [ [ [ [ [ Ixe=urom
SHIFT _
IklO MW [ ¢ [+ ] 1] | | | | | x2=For
Gl [ [-T-T [ T T T I
|«10 MW"l 8 | 8 | 1 | 1 | 2 | 2 | | | | X2
| 64 | 64 | 96 | 96 | 36 | 36 | 04 | 04 | | | | X.9
| somw —| 64 [ 64 | 96 | 96 | 8 | x1
| 576 | 576 | 864 | 864 | 324 | 324 | T | & | 096 | 1096 | 08 |
Fig: schematic of convolution procedure of system 1 (all numbers in the boxes to be divided by 4)
SEGMENTATION METHOD (FOR INDEPENDENT LOAD) (CON’'D)
| IC1 e c —|
| 0.144 | 0.144 | 0.216 | 0.216 | 0.081 | 0.81 | 0.025 | 0.025 | 0.024 | 0.024 | 0.02
15 10 0 30 40 50 60
0.14175 0.02041 | 0.02041 | 0.020412 | 0.004536 | 0.024948 | 0.013284 0.009 | 0.01354 | 0.002196 | 0.010692 | 0.004572
0.14175 25 0.02041 | 0.02041 | 0.020412 | 0.004536 | 0.024948 | 0.013284 0.009 | 0.01354 | 0.002196 | 0.010692 | 0.004572
0.14175 0.03062 | 0.03062 | 0.030618 | 0.006804 | 0.037422 | 0.019926 0.0135 0.0203 | 0.003294 | 0.016038 | 0.006858
0.00315 35 0.03062 | 0.03062 | 0.030618 | 0.006804 | 0.037422 | 0.019926 0.0135 0.0203 | 0.003294 | 0.016038 | 0.006858
0.17325 0.01148 | 0.01148 | 0.011482 | 0.002552 | 0.014033 | 0.007472 | 0.005063 | 0.00761 | 0.001235 | 0.006014 | 0.002572
0.09225 45 0.01148 | 0.01148 | 0.011482 | 0.002552 | 0.014033 | 0.007472 | 0.005063 | 0.00761 | 0.001235 | 0.006014 | 0.002572
0.0625 0.00354 | 0.00354 | 0.003544 | 0.000788 | 0.004331 | 0.002306 | 0.001563 | 0.00235 | 0.000381 | 0.001856 | 0.000794
0.094 55 0.00354 | 0.00354 | 0.003544 | 0.000788 | 0.004331 | 0.002306 | 0.001563 | 0.00235 | 0.000381 | 0.001856 | 0.000794
0.01525 0.0034 0.0034 | 0.003402 | 0.000756 | 0.004158 | 0.002214 0.0015 | 0.00226 | 0.000366 | 0.001782 | 0.000762
0.07424 65 0.0034 0.0034 | 0.003402 | 0.000756 | 0.004158 | 0.002214 0.0015 | 0.00226 | 0.000366 | 0.001782 | 0.000762
0.03175 0.00284 | 0.00284 | 0.002835 0.00063 | 0.003465 | 0.001845 0.00125 | 0.00188 | 0.000305 | 0.001485 | 0.000635

FIG: SCHEMATIC REPRESENTATION OF JOINT PROBABILITIES (VENN DIAGRAM) (ALL NUMBERS INSIDE
THE BOX BE DIVIDED BY 4X4 AND ALL PROBABILITY VALUES OF THE VECTORS BE DIVIDED BY 4)




< IC1 = FTc —

Some of the 3.728 272
probabilities : -
576 | 576 | 864 | 864 | 324 [ 324 | 1 | 1 | 096 | 096 | .08
— 10 20 30 40 50 60
567 | 15
567
567 | 25
w | 126 S
|2 35 2
(9] o | .693 N
369
i 25 | 45 024
036 | .036
v 376 | g
A 061 0061 113192
o
E & 297 65 | .0297 0297
i 127 473456

Fig: schematic representation of joint probabilities (all numbers inside the joint probability matrix to be divided by 4x4 and all
the probability values of the vectors outside the matrix to be divided by four)

LOLP1 =0.272/4= 0.068

LOLP2 = 0.485/4=0.12125

LOLP12 = 0.13192+O.O36+[2(>)<346+O 024+0.2812 ~ 0031832

0.13192+0.0061+0.0297 +0.0297 + 0.473456
4X4

=0.0419297

LOLP12 =

LOLPG = (.031832+.0419297)-0.13192=0.065516

DIFFERENT STEPS OF SEGMENTATION METHOD
FOR THE EVALUATION OF RELIABILITY INDICES OF
TWO INTERCONNECTED SYSTEM IN CASE OF

CORRELATED DEMAND.

+«+ Develop the joint PDF of load

+«+ Construct two dimensional segments by dividing X and Y
axes forming segments of square size. That is all four
sides of a segment are equal in size and each side is equal
to the highest common factor of generating unit capacities
of both systems and the tie line capacity. The total number
of divisions of an axis is equal to the installed capacity of a
system to which the axis is assigned plus tie line capacity
divided by the segment size plus one.

++ Obtain the PDF of segment by translating the joint PDF of
load. The probability of a segment is equal to the sum of
the probabilities of the load impulses lying in the range of
that segment.




+»Shift the original PDF, i.e, before multiplying by (1-q) in the above
step.The amount of shift is equal to the capacity of the unit being
convolved. The direction of shift depends on the system to which the
convolving unit belongs to.If the unit belongs to a system which is
assigned to x-axis, the direction of shift will be towards x-axis, otherwise
the shift will be towards Y- axis.

% Multiply the shifted distribution by the unavailability of the unit,
q

+« Obtain the distribution of segments after convolution by adding
the above two products.

+» Integrate the different zones of the probability mass, evolved after
convolving all the units of both systems, to obtain the different probability
indices.

EXAMPLE FOR ILLUSTRATION

SEGMENTATION METHOD FOR CORRELATED LOAD

4 Utility 2
40 1 -———
|
B ! !
S 30T |
20l S
9 Utility 1
T 10 |
1 1 1 >
0 T T T L
1 7 3 4 TIME (HOURS)

FIG: HOURLY LOAD PROFILE OF TWO UTILITIES

Probability
LOAD OF UTILITY 1
5 0 1520 25 30 3 0
) f fo } ? ? ? ? ? >
Q\\'\\G ,»Q // /// // //
S 1/4 ya
\/o,b;) i = 118,/
A J /
e T
2 174
®© ;
/\

Fig: joint PDF OF loads of two utilities
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25

IC2
w
&

System 2 (MW)

[« TCHe——
(62} »
(3] al

D
a1

SEGMENTATION METHOD FOR CORRELATED LOAD (CONT'D)

System 1 (MW)
f IC1 e TC

10 20 30 40 50 60

Fig: joint probability matrix for systems with correlated load (all numbers in the boxes to be divided by 4).

System 2 (MW)

j« TCHle——
o N
a o

o))
a

PROCESS OF CONVOLUTION
System 1 (MW)
[ IC1 e TC
10 20 30 40 50 60
15
1
1

25 1

835

Fig: Unshifted distribution of segment multiplied by the availability of the unit (All
numbers in the boxes to be divided by 4)

X (1-0.2)




System 1 (MW)

f—— IC >le TC
10 20 30 40 50 60
15 7
X 0.2
Shift 1
I p—— 1
’;“ 8 35 (10 MW= 2 segments)
s = it
N
§ |4
2
%)
55
(6]
=
¥ 65
Fig: Shifted distribution of segments (Multiplied by FOR) (all numbers
in the boxes to be divided by 4)
SEGMENTATION METHOD FOR CORRELATED LOAD (CONT’D)
System 1 (MW)
j« IC1 >l TC —¥
10 20 30 40 50 60
15
0.8 0.2
0.8 0.2
2 0.8 0.2
s g35
e = 0.8 0.2
N
§ |4
Iy
>
? |
55
o |
=
Y5

Fig: Joint probability Matrix after convolving one 10 MW unit of system 1 (all
numbers in the boxes to be divided by 4).




SEGMENTATION METHOD FOR CORRELATED LOAD (CONT’D)
-« IC1 kﬁ

> Cc—
— 10 20 30 40 50 60
15
T .03628
25 .018144
= .036288
o .008064 5
35 .004032 .018144 %
.015552 .008064
45 008224
.000224 .019584
& 55 .031104 .004032 .015552 .002016 .001944 .000252 .025204
N 65 031004 | .139968 | .015552 | .069984 | .001944 | .008748 .003456 .015552
i 0.118588
Fig: Joint probability matrix after convolving all the units of two utilities (all numbers in the boxes to be divided by 4;
LOLP1 = (0.03628+0.018144+---------- +0.025204+0.074188)/ 4 = 0.068
LOLP2 = (0.031104+--------------- +0.000252+0.118588+0.025204) / 4 = 0.12125
LOLP12 = (0.025204+0.074188+0.000224+0.019584) /4 =0.0298
LOLP21 = (0.025024+0.118588+0.003456+0.015552+0.000252) /4 = 0.040763
LOLPG = (0.0298+.040763)-.0252044 =0.064262
CONCLUSIONS
XS CONSTRAINTS OF CAPACITY TRANSACTION
MAKE THE EVALUATION OF INTERCONNECTED
SYSTEM DIFFERENT FROM THAT OF A SINGLE
AREA SYSTEM
< AMONG DIFFERENT TECHNIQUES OF

EVALUATION SEGMENTATION METHOD IS
EASY TO IMPLEMENT
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ILLUSTRATION OF THE EVALUATION PROCEDURE OF A GENERATING UNIT
CAPACITY EQUUIVALENT TO THE TIE LINE CAPACITY

A B

TIE LINE

SYSTEM DATA

SYSTEM NUMBER | CAPACITY |FOR INSTALLED |PEAK LOAD
OF UNITS (MW) CAPACITY (MW)
(MW)
A 5 10 0.02
1 25 0.02 75 50
4 10 0.02
B 1 20 0.02 60 40
TIE LINE
CAPACITY 1 10 0

CAPACITY OUTAGE TABLE OF SYSTEM A

Cap.out Individual probability| Cum.probability

(MW)
0 0.88584238 1.00000000
10 0.09039207 0.11415762
20 0.00368947 0.02376555
25 0.01807841 0.02007608
30 0.00007530 0.00199767
35 0.00184474 0.00192237
40 0.00000077 0.00007763
45 0.00007530 0.00007686
50 0.00000000 0.00000156
55 0.00000154 0.00000156
65 0.00000002 0.00000002
75 0.00000000 0.00000000




CAPACITY OUTAGE TABLE OF SYSTEM B

Cap.out (MW) Individual Prob. Cum. prob.
0 0.90392080 1.00000000
10 0.07378945 0.09607920
20 0.02070622 0.02228975
30 0.00153664 0.00158353
40 0.00004626 0.00004689
50 0.00000063 0.00000063
60 0.00000000 0.00000000

JOINT PROBABILITY DENSITY FUNCTION OF TWO INT. SYSTEMS
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(VENN DIAGRAM )

LOLP,; = 0.00012042




PROBABILITY TABLE OF ASSISTANCE FROM SYSTEM B

Capacity outage | Reserve of | Expected Assistance from Probability
of system B System B | System B to System A (MW)
(MW) (MW)
0 20 20 0.90392080
10 10 10 0.07378945
20 0 0 0.02228975
0.90392080
Probability 0.07378945
I 0.02228975
0 10

A.Capacity on outage (MW)
Probabilistic model of an equivalent assistance unit (From system B to System A)

0.97771025

Probability 0.02228975

0 10
— +Capacity on outage

Probabilistic model of equivalent assistance unit incorporating tie line constraint




MODIFIED CAPACITY OUTAGE TABLE OF SYSTEM A INCLUDING
EQUIVALENT ASSISTANCE UNIT

Cap. out Individual prob. Cum. prob.
(MW)

0 0.86609717 1.00000000
10 0.10812248 0.13390283
20 0.00562205 0.02578035
25 0.01767545 0.02015830
30 0.00015585 0.00248285
35 0.00220658 0.00232700
40 0.00000243 0.00012042
45 0.00011474 0.00011799
50 0.00000002 0.00000325
55 0.00000318 0.00000323
60 0.00000000 0.00000005
65 0.00000005 0.00000005
75 0.00000000 0.00000000

LOLP,g = Pr.{Cap out > Reserve} = 0.00012042

[Reserve = (75 + 10) — 50 = 35 MW]

% The LOLP,g obtained from the Venn diagram is same as
obtained from the modified capacity outage table

s INTHIS CASE A TIE LINE OF 10 MW CAPACITY
WITHFOR =00 IS EQUIVALENT TO A 10 MW
UNIT OF FOR = 0.02228975




CASE STUDY

Utility 1 Utility 2
Tie line

IEEE RELIABILITY TEST SYSTEM

Typeof | Unit | No.of | FOR | Incremental
Unit Size | Units Cost
(MW) ($/MWh)

Nuclear | 400 2 0.12 5.592
Coal 150 4 0.04 11.160
Coal 350 1 0.08 11.400
Coal 80 4 0.02 14.882
Qil 200 3 0.05 19.870
Qil 100 3 0.04 20.080
Qil 10 5 0.02 28.558
Qil 20 4 0.10 37.500
Hydro 50 6 0.01 0.0

DEMAND DATA: 48-52 AND 1-8 WEEKS HOURLY LOADS OF IEEE-RTS
PEAK LOAD: 2850 MW, ENERGY : 4163.48 GWh

CASE STYDY (CONT'D)

Utility 1 = Utility 2
Tie line

HYPOTHETICAL SYSTEM

Type of| Unit | No.of | FOR | Incremental
Unit Size | Units Cost
(MW) ($/MWh)

Nuclear | 500 1 0.13 4.500
Coal 400 2 0.13 14.300
Coal 350 i 0.13 15.100
Coal 250 i 0.08 18.600
QOil 350 1 0.14 30.400
Oil 200 2 0.10 35.000
Oil 50 4 0.11 43.200
Hydro 100 3 0.01 0.0

DEMAND DATA: 18-30 WEEKS HOURLY LOADS OF IEEE-RTS
PEAK LOAD: 2565 MW, ENERGY : 3964.143 GWh




CASE STYDY (CONT'D)

VARIATION OF LOLPe WITH TIE LINE

CAPACITIES
: N
6
g 41
@ 2
— il
o]
1 1 -
o
'1 T T T
0 200 400 600 800

TIE LINE CAPACITIES (MW)

CASE STYDY (CONT'D)

TABLE: RELIABILITY INDICES AT DIFFERENT TIE LINE CAPACITIES OF
THE INTERCONNECTED UTILITIES

TIE LINE CAPACITY INDEPENDENT LOAD CORRELATED LOAD
(Mw)

LOLP12 LOLP21 LOLP12 LOLP21

0.0 .00274 .06543 00280 .06610
100 .00143 .04533 .00156 .04585
200 .00079 .03026 .00097 .03077
300 .00050 .01942 .00072 .02000
400 .00037 .01219 .00062 .01284
500 .00032 .00775 .00058 .00850
600 .00031 .00505 .00057 .00594
700 .00030 .00337 .00057 .00442




ENERGY GENERATION AND PRODUCTION COST OF
INDIVIDUAL UTILITY AND OF GLOBAL SYSTEM

Table: Expected energy generation and production cost of two
interconnected utilities (*pooling operation)

Tie Line Exp. Energy generation Production cost Global
Capacity (GWh) (M$)
(MW)
System 1 System 2 System System Exp. Energy Exp. Unserved Production cost
HE = generation energy (GWh) (M$)
(GWh)
4162.6505 | 3949.5223 33.234 44.593 8112.1727 15.4503 77.828
4332.9653 | 3785.3003 35.558 40.819 8118.2657 9.3569 76.377
4487.9633 | 3634.0474 37.744 37.526 8122.0107 5.6123 75.270
4616.8758 | 3507.3935 | 39.597 34.864 8124.2693 3.3537 74.461
4715.6351 | 3409.9606 | 41.044 32.843 8125.5957 2.0273 73.888
4780.6178 | 3348.7208 | 42.035 31.478 8126.3386 1.2844 73.513
4815.2336 | 3311.4950 | 42.598 30.701 8126.7286 0.8940 73.299
4830.0331 | 3296.8930 | 42.867 30.324 8126.9235 0.6991 73.192
——————————————————————————— 8127.0849 0.5376 73.093

Global production cost saving from interconnection
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Fig: Global Expected saving and Expected unserved energy Vs. tie line capacity




Transmission
Line Scenario

132 kV (existing)

132 kV (planned/ under
construction

230 kV (existing)

230 kV (planned/under
construction

LOLP for different tie line capacities

Tieline |LOLPg (%) |LOLP,, Bt TR e R e e )
capacity (%) (%) (%)
(MW)
0.0 0.493890 1.175805 [0.493890 |1.175805 |1.640265
10.0 0.493890 1.175805 [0.373332 |0.817527 |1.161430
20.0 0.493890 1.175805 |0.284333 |0.572198 |0.827102
30.0 0.493890 1.175805 |0.217372 |0.389823 |0.577766
50.0 0.493890 1.175805 |0.132582 |0.193888 |0.297040
75.0 0.493890 1.175805 |0.087822 |0.104923 |0.163316
100.0 | 0.493890 1.175805 [0.073535 |0.082729 |0.126834
125.0 | 0.493890 1.175805 [0.070722 |0.079014 |0.120307
150.0 | 0.493890 1.175805 |0.070493 |0.078688 |0.119751
175.0 | 0.493890 1.175805 |0.070483 |0.078678 |0.119732

oc 0.493890 1.175805 |0.070483 |0.078678 |0.119732




Percentage difference (PD)

100 125 150 175 200

Tie line capacity (MW)

Global savings

Global unserved energy
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CONCLUSIONS

7
0‘0

INTERCONNECTION OPTION SHOULD BE
EXPLORED IN GENERATION EXPANSION ANALYSIS IN
PARALLEL WITH THE OPTION OF NEW CAPACITY
ADDITION IN THE SYSTEM

EQUIVALENT GENERATING UNIT CAPACITY TO A
TIE LINE CAPACITY MAY BE EASILY EVALUATED.
THEN TWO OPTIONS, INTERCONNECTION AND
INSTRALLATION OF NEW GEN. UNIT, SHOULD BE
COMPARED

INCREASE OF TIE LINE CAPACITY BEYOND CERTAIN
LIMIT DOES NOT IMPROVE SYSTEM RELIABILITY OR
COST

11
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A POWER SYSTEM WITH LIMITED TRANSMISSION FACILITY

LIMITED
G, TRANSMISSION
FACILITIES

.

L,

Fig. 1: A Power System with limited Transmission Facility

/—\-_/

Fig.2: A Power System with no
— Transmission Constraint
(—\-_/

L, +L,

OBSERVATIONS

X4

System in Fig. 1 is not same as the system in Fig. 2 from reliability evaluation point of
view.

System in Fig. 1 resembles a two-area interconnected system

System in Fig. 2 resembles a single area system

Reliability evaluation techniques for the above two systems are different.




CONSIDERING TWO INTERCONNECTED SYSTEM

TIE
L, L,
System 1
System 2
System Data of two interconnected system
System | No. of units | Unit capacity | FOR Peak Load | Installed
(MW) (MW) capacity (MW)
2 10 0.2
1 1 30 0.1 30 50
2 15 0.1
2 1 25 0.3 30 55
Capacity Outage Table
Capacity on outage Probabilities
(MW) System 1 System 2
0.576 0.567
5 EH
10 0.288
15 - 0.126
20 0.036
25 - 0.243
30 0.064 0.007
35
40 0.032 0.054
45
50 0.004
55 - 0.003




0 10 20 30 40 50
0.576 | -- |10.28 | -- | 0.036 | -- | 0.064 | -- | 0.032 | -- | 0.004
8
0 [0.567 0.32659 0.1633 0.02041 0.03628 0.01814 0.0028
15 10126 | Reps| 207258 0.0362 0.00454 0.00804 0.004032 0.000504
MW
25 10.243 0.13986 0.0699 0.00874 0.01555 0.007776 0.000977
30 0.007 [, 0.00403 0.0020 0.00025 0.00048 0.000224 0.000028
AT Mi
40 10.05 0.03404 0.0155 0.00194 0.00345 0.001228 0.000216
55 10.008 0.00172 0.0003 0.00010 0.00019 0.000096 0.00002

Joint Probability matrix (Venn diagram)

RELIABILITY INDICES

Loss of load probability(LOLP) of system 1 = LOLPl =0.1

LOLP of system 2 = LOLP2 = 0.064

LOLP of system 2 assisted by system 1 = LO LP2/1 = 0.0580

LOLP of global system = LOLPG =0.1072

LOLP of system 1 assisted by system 2 = LO LP1/2 = 0.0556




CAPACITY OUTAGE TABLECONSIDERING SINGLE AREA SYSTEM

Capacity Out (MW) Individual Probability Cumulative Probability
0 0.3266 1.0
10 0.1633 0.6734
15 0.0726 0.5101
20 0.0204 0.4375
25 0.1763 0.4171
30 0.0403 0.2409
35 0.0745 0.2005
40 0.0513 0.4260
45 0.0168 0.0748
50 0.0181 0.0580
55 0.0213 0.0399
60 0.0024 0.0186
65 0.0091 0.0162
70 0.0037 0.0070
75 0.0011 0.0034
80 0.0018 0.0023
85 0.0002 0.0005
90 0.0002 0.0003
95 0.0001 0.0001

105 0.0000 0.0000

<+ FOR A PEAK LOAD OF 30 MW ( RESERVE =105-30=75 MW)
LOLP = 0.0023

+NOTE THAT WHEN THE SYSTEM IS TREATED AS A TWO
AREA INTERCONNECTED SYSTEM THE GLOBAL LOLP
(LOLP,) = 0.1072

»THAT IS, THE RELIABILITY INDEX OBTAINED THROUGH
SINGLE AREA APPROACH WIDELY VARIES FROM THAT
OBTAINED THROUGH TWO AREA APPROACH




Transmission
Line Scenario

132 kV (existing)

132 kV (planned/ under
construction

230 kV (existing)

_____ sgro]sl::fj [(:EI:\:ned/under By of Bangal {“’\ \J
LOLP for different tie line capacities

Tie line |LOLPg (%) |LOLPy, EE R e B ey
capacity (%) (%) (%)
(MW)
0.0 0.493890 1.175805 |0.493890 |1.175805 |[1.640265
10.0 0.493890 1.175805 |0.373332 |0.817527 |1.161430
20.0 0.493890 1.175805 |0.284333 [0.572198 |0.827102
30.0 0.493890 1.175805 |0.217372 |0.389823 |0.577766
50.0 0.493890 1.175805 [0.132582 |0.193888 |0.297040
75.0 0.493890 1.175805 |0.087822 |0.104923 |0.163316
100.0 0.493890 1.175805 |0.073535 [0.082729 |0.126834
125.0 0.493890 1.175805 |0.070722 [0.079014 |0.120307
150.0 0.493890 1.175805 |0.070493 |0.078688 |0.119751
175.0 0.493890 1.175805 |0.070483 [0.078678 |0.119732

o 0.493890 1.175805 |0.070483 [0.078678 [0.119732
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CONCLUSION

% A POWER SYSTEM WITH LIMITED TRANSMISSION
CAPABILITIES BETWEEN REGIONS SHOULD NOT BE
TREATED AS A SINGLE AREA SYSTEM IN
EVALUATING RELIABILITY INDEX.

BANGLADESH POWER SYSTEM IS A TYPICAL
EXAMPLE OF A POWER SYSTEM TO BE TREATED AS
AN INTERCONNECTED SYSTEM (EASTERN AND
WESTERN GRIDS) IN EVALUATING RELIABILITY
INDICES.
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DIRECT CONTROL (CONT.)

(b) The second direct load control approach is to reduce the demand
whenever it exceeds a prefixed value.

Lo=L®-( L{®-CPK)A (LO)




INDIRECT CONTROL

The art of indirect control approach is based on the incentives/
motivation of customers to shift some of the loads from peak to off-
peak period.

L(t):L(t)+Zi: L(t )a, —bL(t) ﬂ(tr’ t) (t)

ENERGY STORAGE

Energy storage is the use of electricity during off-peak hours to store
energy for use during on-peak period . Pumped hydro storage is almost
only successful form of storage system.

A R A(tr’ e

— L)




EFFECT OF DIRECT LOAD CONTROL (LOAD REDUCED
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EFFECT OF INDIRECT LOAD CONTROL
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Fig. Impacts of Energy Storage Scheme on Reliability




COMPARISON OF LOAD MANAGEMENT SCHEMES WITH
CAPACITY ADDITION

Generation Direct Indirect Energy storage
Capacity | (g4 reduction of | (% reduction of | (% reduction of | Pump efficiency
addition load) load) load) (%)

(MW)
5 25 55
40 20 50
50 5 5 715
60 20 55
85 25 715
90 10 10
100 10 50
110 30 15 50
120 20 7AES
130 15 15
140 25
145 20
150 20
160 25
165 30
185 10 715
IMPACT OF LOAD MANAGEMENT ON TWO AREA
INTERCONNECTED SYSTEM
DIRECT CONTROL
a) LOLPs of the global system for the reduced load (Load reduced by 10%

during peak hours)

Tie-line | Base-case | Load reduced in | Load reduced in | Load reduced in
(MW) system X only | system Yonly both systems

0 0.06856 0.06741 0.05181 0.05066

100 0.04707 0.04641 0.03399 0.03332

200 0.03141 0.03094 0.02153 0.02106

300 0.02039 0.01994 0.01348 0.01304

400 0.01312 0.01261 0.00868 0.00818

500 0.00875 0.00816 0.00572 0.00513




DIRECT CONTROL (CON’D)

b) Any value exceeding 2565 MW in X system is reduced
to that and in system Y by the pre-specified value 2308.5
MW
Tie-line | Base-case | Load management | Load management | Load management
(MW) applied to system | applied to system | applied to both
X only Y only system
0 0.06856 0.06784 0.06081 0.06009
100 0.04707 0.04669 0.04293 0.04254
200 0.03141 0.13112 0.02692 0.02664
300 0.02039 0.02016 0.01630 0.01608
400 0.01312 0.01287 0.01069 0.01045
500 0.00875 0.00849 0.00720 0.00696
LOLPs of the global system for the energy storage scheme
Tie-line | Base-case | Load management | Load management | Load management
(MW) applied to system | applied to system | applied to both
X only Y only systems
0 0.06856 | 0.06744 0.05509 0.05396
100 0.04707 0.04642 0.03600 0.03534
200 0.03141 0.03094 0.02269 0.02221
300 0.02039 0.01994 0.01409 0.01365
400 0.01312 | 0.01262 0.00900 0.00850
500 0.00875 | 0.00817 0.00589 0.00530




—a— Prespecified peak
load

—e— Energy storage
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CONCLUSION

+THE APPLICATION OF LOAD MANAGEMENT
SCHEMES SHOW AN IMPROVEMENT OF SYSTEM
RELIABILITY ONLY UP TO CERTAIN LIMIT OF LOAD
REDUCTION IN MOST OF THE CASES;
EXCEEDING THIS LIMIT DETERIORATES THE
RELIABILITY

+LOAD MANAGEMENT MAY BE CONSIDERED AS AN
ALTERNATIVE TO NEW CAPACITY INSTALLATION

+LOAD MANAGEMENT SCHEMES MAY BE APPLIED
INSTEAD OF INCREASING TIE LINE CAPACITY.
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REASONS OF JOINLY OWNED CAPACITY BUILD UP

e USE OF UNTAPPED NATURAL RESOURCES FOR
GLOBAL BENEFITS

o T REQUIREMENTHOF HUGE INVESTMENT FORTHE
INSTALLEATION OF EARGE GENERATING UNITS

MW

PROSPECT OF JOU IN THE REGION

L c O Deficit/Surplus in
. 50000* 2010-2012

PR O Untapped hydro
-300001 potential

P L COURIHY:

Fig: Forecasted electrical energy supply status in 2010-2012 (Nexant)
and uptapped hydro potential (ecomic reforms........... )




CONCEIVING OF IMPACTS OF JOU THROUGH HEURISTIC APPROACH

UTILITY Y

UTILITY X
20 +
s Utility X
S 15
a
< |
O
s 1 Utlityy
O : : :
25 50 75

100 TIME (IN PERSENT)
FIG: LOAD PROFILE OF TWO UTILITIES

Table: Generation capacity state without JOU

STATE OF GENERATORS DURATION (time in present)
UTILITY X UTILITYY with load levels 15, 7 with load levels 10,
MW 10 MW
ON ON 32 32
ON OFF 8
OFF ON 8
OFF OFF 2 2

EVALUATION OF ENERGY TRANSACTION OF INTERCONNECTED UTILITIES

WITHOUT JOU. (unit of single ownership)
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FIG: LOAD LEVELS AND POSSIBLE TRANSACTION WITHOUT JOU
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ESX =12x.4+10%.4+3%.08=9.04 MWh

ESy =10x.32+.08x10+10x.4=8.0 MWh

ESe =17.04 MWh

USEG = EDG-ESG={(15+10)+(7+10)} x0.5-17,04=3/96 MWh
EXPG= (0.32+.08 x2) x3=1.44 MWh

ES= ENERGY SUPPLY
USE= UNSERVED ENERGY
ED= ENERGY DEMAND
EXP=EXPORT

EVALUATION OF ENERGY TRANSACTION OF
INTERCONNECTED UTILITIES WITH JOU (CONFIGARATION 1)

TIE (3MW)
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EVALUATION OF ENERGY TRANSACTION OF INTERCONNECTED
UTILITIES WITH JOU (CONFIGARATION 1) (cont'd)

o) 4
0
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=
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ESy= (7+10) 0.4+3x.4=8.0 MWH HIMEO
S e NS Fig: LOAD LEVELS AND POSSIBLE TRANSACTIONS WITH JOU.
USEG= 4.2 MWh
EXPG=1.2MWh

EVALUATION OF ENERGY TRANSACTION OF
INTERCONNECTED UTILITIES WITH JOU (CONFIGURATION 2)

TIE LINE

Utility X Utility Y




EVALUATION OF ENERGY TRANSACTION OF INTERCONNECTED UTILITIES WITH JOU
(CONFIGURATION 2) (CONT'D)
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ESY= (10+10) 0.4 =8.0 MWH
ESG=16.8 MWh
USEG= 4.2 MWh
EXPG= 1.2MWh

IMPACTS OF JOU

With JOU With JOU Without JOU (unit
configuration 1 configuration 2 of single
ownership)




METHODOLOGY TO EVALUATE TWO INTERCONNECTED UTILITIES WITH JOU

<[ EVALUATION-TECHNIQUE IS DIFFERENT FROM THAT- OF-INTERCONNECTED UTILITIES
WITH SINGELE OWNERSHIP UNITS

< [SEGMENTATION-METHOD IS TTHE ONLY -AVAILABLE[TECHNIQUE TOEVALUATE
INTERCONNECTED UTH-ITIES WITH IOUSs

SALIENT ASPECTS OF THE METHODOLOGY THAT ARE DIFFERENT FROM
THOSE OF THE METHODOLOGY WITH SINGLE OWNERSHIP UNITS

EVALUATION OF RELIABILIYY INDICES

« NUMBER OF SEGMENT ARE DECIDED BY INCORPORATING THE MODIFIED VALUEOF
THELINE- CAPACITY.

* AL THE SINGLE OWNERSHIP UNITS ARE-.COVOLVED TO OBTAIN THE JOINT,
PROBABILITYMATRIXIOF SEGMENTS (MENN DIAGRAM)

« RELIABILEITY INDICESARE CALCULATED FOR EACH STATE OF THE JOU SEPARATELY

= DURING THE EVALUATION OF INDICES THE THELINE- CAPACITY IS TABPROPRIATELY
MODIEIED

< THE/RELIABILITY- VALUESIOBTAINED FOR EACH{STATE OF JOUAREMULTIPLIED BY)
THE STATE PROBABILITY

* TO OBTAIN THE FINAL RELIABILITY INDEX THE CORRESPONDING VALUE OBTAINED
FOR EACH STATE IS ADDED.

ILLUSTRATION OF DIFFERENT STEPS OF THE METHODOLOGY TO
EVALUATE RELIABILITY INDICES THROUGH A NUMERICAL EXAMPLE

UTILITY X UTILITY Y

Tie line

20 ( MW)

FIG: Two interconnected utilities with a JOU

Utlity 2
40 + e iaisizint
|
s [ :
S0 |
g e !
(2 Utility 1
10T
1 1 | >
O T T T T
1 2 3 4

TIME (HOURS)
Fig: hourly load profile of two utilities




Table: generation system description

Utility X Utility Y
No of units Capacity | FOR | No of units | Capacity FOR
(MW) (Mw)
2 10 0.2 1 15 0.1
1 20 0.1 1 25 0.3
JOou SHx= SHy= 0.1
10 MW 15 MW
Located in utility y

FORMATION OF SEGMENTS AND DEVELOPMENT OF ITS PDF

Probability

LOAD OF UTILITY 1

Fig: joint PDF OF correlated loads of two utilities




FORMATION OF SEGMENTS AND DEVELOPMENT OF ITS PDF (cont'd)

Utility X (MW) — ——————>
20 30 40 50 60

=

(4]
=
o

N
a1

A
o

«——  Utility y (Mw)
w
(93]

al
a1

65

Fig: Joint PDF of load (probability values in the boxes are divided by 4)

CONVOLUTION OF UNITS OF SINGLE OWNERSHIP

Utility X (MW)
1510 20 30 40 50 60
.063 .02016 .00252
.02016 .00252
25 .063 .02016 | .00252
.007 .00224 .00028
35 .00224 | .02016 | .00028 | .00252
.16552 | .04032 | .07776 | .02016 .027 .007 .00864 | .00224 | .00136
A2 116552 07776 .027 .00864 .00108
.04032 .17568 .08476 .02924 .00892 | .00106
Sy B .01728 .00864 .003 .00096 .00012
\%65 .01728 | .15552 | .00864 | .07776 .003 .027 .00096 | .00864 | .00012 | .00108
> .01728 .00864 .003 .00096 .0012
>
=
2 .01728 .00864 .003 .00096 .00012
85

Fig: Joint PDF after convolving all the units except the JOU (probability values in the
boxes to be divided by 4)




1Cx

, Utility X (MW) b= Tox =
1510 20 30 40 50 60
25
o
3
35 3
\l
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45
0.00892
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.00864 .003

o
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0.00348

~
Ul

.00864 .003 00096

ICy
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14
1331

©
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Fig: different zones of integration while the JOU is considered to be available

LOLP %y (C30u>0)=1/4(0.00348+0.00776+0.00892) LOLP vix (Ciou>0)=1/4(0.00348+0.0+0.00864+0.003+0.00096

=0.00504 +0.00864 +0.003+0.00096+0.00864)
=0,00933

Utility X (MW) —————» REEEE e
! 410 20 30 40 50 60
g )
= o
S .02016 8
>
= 100224 L
o188 .00224 | 02016 | .00028 | .00252
T45 .02016
8 .027

. 17568 08476 0.11524

L 52 01728 00864

0.34404

Fig: Different zones of integration while the JOU is considered to be unavailable

LOLP xv(Cy0u=0)=1/4[0.11524+0.00532+(0.00224+0.02016  LOLP vix (Ci0u>0)=1/4 [0.11524+0.34404+(0.01728+0.17568

+0.00028+0.00252+0.00224+0.02016)] +0.027+0.02106+0.00864+0.08476)]
=0.04204 TPHEPRR
LOLP xv =(0.00504 X 0.9)+(0.04204 X 0.1) LOLP vix =(0.00933 X 0.9)+(0.1982 X 0.1)
=0.00874 =0.028217
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CASE STUDY

Utility 1 N2
Tielline

IEEE RELIABILITY TEST SYSTEM

Type of| Unit No.of | FOR | Incremental
Unit Size Units Cost
(MW) ($/MWh)
Nuclear 400 2 0.12 5.592
Coal 150 4 0.04 11.160
Coal 350 1 0.08 11.400
Coal 80 4 0.02 14.882
Oil 200 3 0.05 19.870
Oil 100 3 0.04 20.080
Oil 10 5 0.02 28.558
Oil 20 4 0.10 37.500
Hydro 30 6 0.01 0.0

DEMAND DATA: 48-52 AND 1-8 WEEKS HOURLY LOADS OF IEEE-RTS

PEAK LOAD: 2850 MW, ENERGY : 4163.48 GWh

CASE STYDY (CONT'D)

Utility 1 Utility 2
Tie line

HYPOTHETICAL SYSTEM

Type of| Unit | No.of | FOR | Incremental
Unit Size | Units Cost
(MW) ($/MWh)

Nuclear | 500 1 0.13 4.500
Coal 400 2 0.13 14.300
Coal 350 1 0.13 15.100
Coal 250 1 0.08 18.600
Qil 350 1 0.14 30.400
Qil 200 2 0.10 35.000
Qil 50 4 0.11 43.200
Hydro 100 3 0.01 0.0

DEMAND DATA: 18-30 WEEKS HOURLY LOADS OF IEEE-RTS

PEAK LOAD: 2565 MW, ENERGY : 3964.143 GWh

11



DESCRIPTION OF JOU: (350 MW COAL UNIT OF Y IS COMBAINED WITH 150 MW COAL UNIT
OF X TO FROM THE JOU)

(CAPACITY=500 FOR=0.08 ,SHARE OF UTILITY X=30% ,SHARE OF UTILITY Y=70% ,LOCATED IN UTILITY Y)

Tie line Base case System with a JOU
capacity (MW)

LOLP xiv LOLP vix LOLP xiv LOLP vix
0.0 0.06582 0.002765 0.10663 0.00177
100 0.04569 0.00155 0.07492 0.00136
200 0.03063 0.00097 0.05221 0.00091
300 0.01988 0.00072 0.03564 0.00078
400 0.01277 0.00062 0.02357 0.00073
500 0.00846 0.00058 0.01517 0.00071
600 0.00591 0.00057 0.01010 0.00070
700 0.00439 0.00057 0.00706 0.00070

0.12

0.1
0.08
0.06
0.04
0.02

Base case

——— Systemw ith JOU

LOLPG

0 200 400 600 800
Tie line capacity (MW)

Fig: Global LOLP variation with tie-line capacity

Table: Variation of energy generation with tie line along with
the base case

Tie line Base case To area interconnected
capacity system with JOU
(Mw) Expected energy Expected energy
Generation (GWh) Generation (GWh)

System X System Y System X System Y.

0.0 4171.13 3947.51 4820.30 3304.49

100 4292.88 3831.39 4741.39 3385.66

200 4406.85 3720.83 4666.89 3459.87

300 4506.59 3623.33 4602.84 3521.86

400 4586.93 3544.59 4580.44 3543.98

500 4645.83 3486.90 4600.07 3526.64

600 4688.37 3445.12 4616.15 3510.22

700 4719.45 3414.56 4630.445 3494.72




0.15

JOU located inside utility
01 JOU located outside the
(O] . utility
[a
6‘ Base case (without JOU)
= 0.05
0 T T T T T 1

100

200 300 400
Tie line capacity (MW)

500
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FIG: Impact of location of JOU on global reliability index

Global LOLP

0.12

0.1

0.08

0.06

0.04

0.02

400 600 800

Tie line capacity

1000

1200

With JOU
Base case

With JOU with
Additional Cop.

Figure: comparison between system including a JOU with and
without tie line capacity and base case. [ An additional tie line
capacity of 150 MW exist to transfer the share of X, thisis also
used for export when JOU is on forced outage]
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TR 1: LOAD CARRYING CAPABILITY

An utility has three generating units. The generation and load models are given
below:

Generation model:

Total No. of units: 3

Serial No. Capacity FOR
(MW)

1 200 0.02

2 300 0.03

3 400 0.04

Load model:
Peak load: 350 MW

What will be the LOLP of the system ? If a new generating unit is added to
the system of capacity 200 MW and FOR of 0.1 what will be the effective
load carrying capability (ELCC) of this new unit when the system reliability is
same as before. Also observe the impacts of FOR on ELCC by varying the

FOR of the new unit.



TR 2:

INTERCONNECTED SYSTEM

Two utilities, X and Y are interconnected through a tie line of capacity 5 MW. The
generation and load models of both the systems are given below:

SYSTEM X’ SYSTEM ‘Y’
Generation | Serial No. | Capacity | FOR | Serial No. | Capacity FOR
System (MW) (MW)
1 5 0.2 1 10 0.2
2 10 0.1 2 2 0.1
Load Model | Peak Load 10 5
(MW)
Determine:
Q) Reliability of system X, LOLPx
(i) Reliability of system Y, LOLPy
(i)  Reliability of system X assisted by system Y, LOLPxy
(iv)  Reliability of system Y assisted by system X, LOLP y/x
(v)  Reliability of the global system, LOLPg

Also, calculate the above indices with (i) a different tie line capacity and (ii)
a new unit added to system X or system Y.




Tutorial on Operational Aspects-1:
Steady state operation of a 3-area interconnected power
system

An interconnected system consists of 3 areas as shown in Figure below. Area 1 comprises
only bus 1, area 2 includes buses 2,4,6, and area 3 comprises buses 3 and 5. All the tie
line data are given. The load and generation schedules for all the areas in a base case
condition are also given. Using a Newton-Raphson or fast decoupled load flow analysis
program determine the following. Use bus 1 as the slack.

a) Which area is importing or exporting how much power?

b) What happens to voltage at bus 6 incase the load at bus 6 in area 2 is increased
from 160 MW + j110 MVAR to (i) 200 MW + j110 MVAR and (ii) 200 MW +
j140 MVAR?

c) Repeat (b) if generation at bus 2 in area 2 is increased from 150 MW to 190 MW.

d) What happens to voltages at buses 4 and 6 and the line flows over all the tie lines
to area 2 if generation at bus 2 decreased from 150 MW to 75 MW due to loss of
a unit?

e) What happens to voltages at bus 6 if the load at bus 1 in area 1 is increased from
0.0 MW +j0.0 MVAR to 100MW + j 50 MVAR ?

Assume area 1 i.e. generator 1 has a generation limit of 200MW+j 200 MVVAR. Based on
this and the results from this case study as above, summarize your conclusions regarding
requirements for the safe operation of interconnected systems.



f%a%mio

O3

LINE DATA

LOAD DATA Bus Bus R, X, %B,

Bus Load No. No. PU PU PU
No. MW Mvar 1 4 0.035 0.225 0.0065
1 0 0 1 5 0025 0.105 0.0045
2 0 0 1 6 0040 0.215 0.0055
3 0 -0 2 4 0.000 0.035 0.0000
4 100 70 3 5 0000 0.042 0.0000
5 %0 30 4 6 0.028 0.125 0.0035
6 160 110 5 6 0026 0.175 0.0300

GENERATION SCHEDULE N
Bus Voltage Generation, Myvar Limits

No. M_a_g. MW Min. Max
1 1.06
2 1.04 150 0 140

3 1.03 100 0 90




Tutorial on Operational Aspects-2:
Dynamic operation of a 3-area interconnected power system

A fault occurs near bus 6 on the tie line 1-6 of the system considered in tutorial-1. The
machine data i.e. armature resistance and transient reactances in per unit and inertia
constants in seconds on 100 MVA base are given below. The system was operating with
the base case load and generation schedule considered for the tutorial —1.

MACHINE DATA
Gen. R, X; H
1 -0 020 20
2 0 015 4
3 0 025 5

a) Determine the stability of the whole system if the fault is cleared in 0.4 sec after
the fault occurs.

b) Repeat (a) if generation at bus 2 is decreased from 150 MW to 75 MW due to loss
of a unit in the prefault condition.

c) Repeat () if in the prefault condition the load at bus 6 in area 2 is increased from
160 MW + j110 MVAR to (i) 200 MW + j110 MVAR and (ii) 200 MW + j140
MVAR?

d) Repeat (b) if the fault is cleared in 0.3 seconds.

Based on the results from this case study as above, summarize your additional
conclusions regarding requirements for the safe operation of interconnected systems.
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